Abstract: Angiogenesis can be regarded as a double-edged sword given its useful actions in repairing tissues, and secondly due to its effects in enhancing tissue damage. Angiogenesis is actually involved in the pathogenesis of disorders in which the inflammatory component is a major contributor for disease progression, such as diabetes. It is now stated that angiogenesis together with vasculogenesis partake to neovascular development. A peculiar characteristic of diabetes is the co-existence of vascular impairment and excessive angiogenesis in distinct organs. But despite this knowledge, many questions remain unanswered. Due to the importance of these systems in diabetes-associated complications, a better understanding of the molecular and cellular processes may open new mechanism-based therapeutic options. Accordingly, the available treatment strategies for diabetes management are not completely efficient, as highlighted by the elevated mortality and morbidity rates associated with this condition. Diabetic nephropathy, which may evolve to end-stage renal failure, and diabetic retinopathy that may progress to blindness are important causes of morbidity. Additionally, chronic nonhealing skin ulceration greatly impairs the quality of life of diabetic patients, resulting often in limb amputation. Cardiovascular events, in turn, are responsible for a significant number of deaths in diabetes. This review aims at highlighting the state-of-the-art in diabetic vascular complications, and comprehends the characterization of neovascular system alterations. The elucidation of the diabetic-associated angiogenic paradox is fundamental for prospecting novel therapeutic interventions.
DIABETES -THE ANGIOGENIC PARADOX
Diabetes mellitus (DM) is a common metabolic disease with a high and increasing prevalence worldwide. The estimated number of patients afflicted with diabetes, presently about 170 million people, is expected to increase and reach a pandemic rate of 366 million by the year 2030 [1] . This increasing incidence renders DM a leading cause of morbidity and mortality in the near future. DM causes multiple serious health complications, demanding a thorough clinical management, which renders this disease already a main burden for the National Care Systems. The diabetic condition is characterized by and responsible for alterations in micro-and macrovascular beds, by inducing changes in neovascular mechanisms and impairing vascular homeostasis. However, diabetes is a paradoxal disease from the vascular point of view, since in specific organs there is an increase in neovascularization, as it occurs in the kidney and in the retina, whereas others present a marked inhibition of angiogenesis, as in coronary heart disease and peripheral vascular disease [2] . Despite the increasing awareness of this diabetesassociated angiogenic paradox, the molecular mechanisms driven in the distinct organs remain unclear.
THE ANGIOGENIC PROCESS
The concept of angiogenesis was first refered as the sprouting of ECs from pre-existing vessels into a previously *Address correspondence to this author at the Department of Biochemistry (U38), Faculty of Medicine, University of Porto, Al. Prof. Hernâni Monteiro, 4200-319 Porto, Portugal; Tel/Fax: 351 225513624; E-mail: raqsoa@med.up.pt avascular tissue [3] . More recently, this concept was enlarged to the growth and remodeling process by which an initial vascular system is modified to form a complex branching network, characteristic of the mature vasculature [4] . Angiogenesis is, therefore, a complex multistep process involving extracellular matrix (ECM) degradation, proliferation, survival, migration and morphological changes of endothelial cells (EC) and their anastomosis to assemble into a vascular structure [5] . Upon an angiogenic stimulus, ECM proteases release leads to the localized degradation of the blood vessel basement membrane, enabling thus local ECs to change shape, invade stroma and proliferate, forming tubular structures that coalesce. In order for this complex angiogenic process to function, a huge number of anti-and proangiogenic factors must act in a coordinate and synergistic manner to assemble functional blood vessels [5] .
ANGIOGENIC STIMULATING CONDITIONS IN DIABETES
The pathophysiological mechanisms that characterize diabetes encompass high glycemia, nonenzymatic glycation and lipoxidation end products, chronic inflammation, enhanced reactive oxygen species (ROS) and hyperinsulinemia. Vascular cells are, therefore, exposed to abnormal concentrations of a large amount of molecules in DM patients, which result in imbalanced signaling pathways, in comparison to normal (euglycemic) individuals.
Hypoxia
Hypoxia is probably the major inducer of angiogenesis both in physiological and in pathological situations. The presence of hypoxic environment triggers cells to up-regulate hypoxic-inducible factors-(HIF ) subunits, which are well-established transcription factors of a huge number of genes, including angiogenic activators, such as vascular endothelial growth factor (VEGF), stromal-derived factor-1 (SDF-1), platelet-derived growth factor (PDGF) or angiopoietin-2 (Ang2) [5] [6] [7] [8] . Therefore, angiogenesis process is dependent on oxygen homeostasia, being this mechanism finely tuned by prolyl and lysyl-hydroxylases that target HIF subunits to ubiquitination and degradation through VHL binding [7] . Besides oxygen availability, HIF can further be activated by the presence of ROS or inflammatory cytokines, two diabetic-associated features. ROS results in inactivation of hydroxylases, HIF protein synthesis induction by mTOR signaling pathway [9] . Hypoxia is a characteristic feature of inflammation as well. The chronic inflammatory status of diabetes renders, thus, hypoxia a mainstay process affecting angiogenesis. Intradermal injection of plasmids containing a constitutively active form of HIF1 to Lepr db/db mice, an in vivo model of type2 DM, revealed an increase in VEGF, placental growth factor (PlGF), PDGF-B and Ang2 plasma levels and promoted skin wound healing, confirming the relevance of hypoxia in diabetes [7, 10] .
Chronic Inflammation
DM is characterized by a chronic inflammatory state with concomitant cytokine and growth factor secretion. Consistently, diabetic patients often present defects in neutrophil chemottactive activity, as well as phagocytic and microbial activities [11] [12] [13] . Corroborating these findings physiological increases in glycemia after meals aggravate inflammation process through the activation of NF B, a pro-inflammatory transcription factor [14, 15] . A potent interplay between these two conditions is well described in many pathological situations [15, 16] . In fact, inflammatory-induced release of a huge amount of factors (e.g. IL1, IL6, TNF , CCL5), lead to angiogenic stimulation. Cyclo-oxygenase-2 (COX-2) is an inducible enzyme responsible for the increase in prostaglandin (PGE) biosynthesis during inflammation. COX-2 induces angiogenesis by up-regulating VEGF production [14, 15] , substantiating the angiogenic stimulating role of inflammation. In addition, PGE2 stimulates angiogenesis by MT-MMP-mediated activity of TGF signaling pathway [17] . On the other hand, angiogenesis contributes to inflammation by providing oxygen and nutrients to inflammatory sites.
Oxidative Stress
Another pathophysiological condition in diabetes is the presence of oxidative and nitrosative stress. Several lines of evidence indicate that ROS activate signaling pathways that promote angiogenesis [18, 19] . ROS can be formed in many distinct ways in the human organism. NAD(P)H oxidases (Nox) are present in vascular EC and smooth muscle cells (SMC), and are also a relevant source of ROS formation from molecular oxygen [19, 20] . In addition, a wide variety of angiogenic stimulators can be up-regulated by Nox [19] . EC further present the endothelial isoform of nitric oxide synthase (eNOS), which further contributes to ROS generation [21] . eNOS catalize the synthesis of nitric oxide (NO), an established scavenger of superoxide anion (O2 -), but also a potent vasodilator and angiogenic stimulator. Recently, NO has been reported to promote ROS production [22, 23] . According to these studies, NO may be reduced by the cytochrome c oxidase enzyme complex at the mitochondrial electron transport chain (ETC) in specific redox conditions, preventing, therefore, oxygen reduction to water, which in turn leads to ROS accumulation. In diabetes, ROS is extensively produced, either due to the chronic inflammatory status or metabolic changes associated with this disorder (e.g. glucose and fatty acid elevation in plasma). ROS activate then stresssensitive signaling pathways, which might cause insulin resistance and -cell dysfunction, two mandatory conditions of diabetes [24] .
Hyperglycemia and AGE Products
Diabetic patients presenting poor glycemic control exhibit high levels of advanced glycation end products (AGE) both in serum and in tissue [25] . AGE are known to promote tissue fibrosis in organs with end-stage damage [26] , a condition associated with ECM expansion. This phenomenon results in extensive prevention of tissue perfusion and consequently ischemia-induced angiogenesis. In addition, AGE activates synthesis of various pro-angiogenic proteins, such as insulin-like growth factor binding protein-related protein-2 (IGFPB-rP2) in skin fibroblasts and in kidney mesangial cells [25, 26] . Angiogenic enhancement has also been attributed to DM-persisting glycation. Glycated albumin is a frequent event, resulting in HIF1 overexpression, and consequently angiogenesis. Accordingly, AGE level increase are also associated with diabetic retinopathy, in which VEGF is overexpressed [27] [28] [29] . Moreover, AGE has been involved in pericyte loss as well, being thus considered a promoter of vascular cell derangement. On the other hand, glycation of angiogenic growth factors such as fibroblast growth factor (FGF), hepatocyte growth factors (HFG), PlGF or PDGF, were reported to induce inactivation of their signaling pathways, which might explain at least partially the reduction in vascular response in many diabetic tissues [30] . These findings are, hence, still highly controversial, implying that further studies are mandatory.
Hyperglycemia is also itself an angiogenic enhancer. High glucose levels stimulate the transcription of many angiogenic genes including transforming growth factor (TGF)-in vascular smooth muscle cells [32] . This growth factor may in turn up-regulate the expression of VEGF, which has been described in diabetic nephropathy animals [33] [34] [35] .
Besides hyperglycemia and its derived AGE components, the lack of insulin response within adipocytes enhances lipolysis by increasing hormone-sensitive activity. This, results in free fatty acid, glycerol and monoacylglycerol moieties release to the plasma. One of these components, 1-butirylglycerol, prevents vasodilation in long term conditions by creating ischemia, which in turn triggers angiogenesis [25] .
Advanced Lipoxidation End Products (ALE)
Another group of molecules known to play a role in diabetic vasculopathy is advanced lipoxidation end products (ALE). These are proteins that were irreversibly modified by lipid reactive species, such as carbonyl and malondialdehyde. Recent studies showed that the presence of ALE in diabetic patients strongly associates with chronic inflammation [31] . In agreement, synthetic ALE effectively increases the expression of a wide range of inflammatory factors, such as CXCL10, CCL2, COX-2, 1 and 2 integrins, IL6, IL8 and inducible NOS (iNOS) in monocytes [31] . Most of these monocytic dysfunction molecules are established angiogenic activators, implying that ALE products are also likely to present pro-angiogenic properties.
MECHANISMS OF ANGIOGENESIS IN DIABETES
Angiogenesis requires the activation of many receptors by specific ligands, such as PlGF, acidic and basic fibroblast growth factors (aFGF and bFGF, respectively), angiopoietins, HGF, PDGF, and platelet derived-endothelial cell growth factor (PD-ECGF), among many others [36] [37] [38] [39] [40] . Despite the increasing number of factors playing a role in angiogenesis, VEGF signalling on ECs represents the major ratelimiting step during the process [41] . VEGF engages and activates its tyrosine kinase receptors VEGFR-1 and VEGFR-2 on ECs. Despite VEGF binding to both receptors, most of its biological functions are mediated by VEGFR-2 signaling, which is involved in several steps of the angiogenic process, leading to the assembly of a new vasculature [42] [43] [44] . In addition, VEGF is also the major factor involved in EPCs mobilization from the bone marrow to the peripheral circulation and to angiogenic sites, where they differentiate and integrate the neovasculature [45, 46] (please also see paper on EPCs in this issue).
Most of these receptors present in vascular wall cells act by triggering sinaling cascades of phosphorylating kinases. Nonetheless, for these cellular transduction pathways to properly function, a balance between phosphorylating kinases and dephosphorylating phosphatases must exist. Protein tyrosine phosphatases (PTP) are a very large family of enzymes that catalize dephosphorylation of tyrosine residues [47] . Diabetes-related insults including hyperglycemia, oxidative stress and insulin resistance act frequently in concert in vascular cells imbalancing phosphorylation/dephosphorylation reactions, which results often in enhancement of protein phosphorylation. Vessel remodeling is a consequence of PTP phosphorylation. VCAM-1-dependent lymphocyte extravasation through the endothelial layer requires PTP1B phosphorylation, a non-receptor PTP largely expressed that presents a variety of regulating properties [48] . Interestingly enough, inhibition of PTP1B enhances EGFR phosphorylation and activity, which results in proliferation in corneal EC [49] . Therefore, diabetes increases PTP1B activity in retina, preventing autophosphorylation of retinal insulin receptor [50] . Altogether, these finding emphasize the relevance of this family of phosphatases in diabetes-derived cvascular complications, by their direct actions within angiogenic phosphorylating signaling pathways. Targeting PTP may be a putative strategy for improving insulin sensitivity in diabetic patients.
ANGIOGENESIS AND DIABETIC RETINOPATHY
Proliferative diabetic retinopathy (DR) is a progressive disorder characterized by the presence of retinal vessel microaneurisms, hemorrhages, exudates and edema [51] (please see paper on DR on this issue). One of the primary changes in the vascular process of DR is the loss of pericytes in retinal capillaries, which may lead to vascular failure and chronic hypoxia. HIF transcription factors, then, promote the rapid formation of neovessels, ultimately resulting in exacerbated angiogenesis [ 8, 15, 29, 52, 53] . The sudden establishment of angiogenic vessels leads to the assembly of leaky and malfunctioning vascular structures, which is further enhanced by the presence of a delicate basement membrane [54] . VEGF is released by several distinct cells within the eye. And recent studies showed that VEGFR2 is also overexpressed in retinas from diabetic rats [55] . Diabetic patients exhibiting DR or macular edema present high levels of VEGF [56] . Despite VEGF is the most well established marker of proliferative DR, other factors also play a role. Pigment epithelium-derived factor (PEDF) is an endogenous angiogenic inhibitor factor with reduced levels in several ocular diseases. This factor is known to prevent VEGF and erythropoietin in retinal endothelia cells [57] . Interestingly, normal levels of PEDF were found in the vitreous fluid of diabetic patients. However, a higher molecular-weight isoform was observed in a subgroup of these patients in comparison to non diabetic controls [58] . The same study also revealed that thrombospondin-1 (TSP1) another antiangiogenic factor was reduced in the patients exhibiting the PEDF higher molecular weight isoform [58] , implying that a cross talk between these two angiogenic inhibiting factors is likely to occur. TSP1 binds to CD36, a membrane glycoprotein present in many types of cells including microvascular endothelial cells [59] . Remarkably, CD36 also binds to long chain fatty acids and promotes their transport into cells [59] . The fact that CD36 contributes to lipid absorption and metabolism (and also in inflammatory response and oxidative stress) emphasizes its putative implication in metabolic disorders such as diabetes. In addition, hyperglycemia enhances the overexpression of fibronectin, a glycoprotein present in ECM. Increased fibronectin enhances the availability of fibronectin fragments that present pro-angiogenic properties [60] . These fragments may therefore account for the aberrant angiogenesis in retinopathy.
In conclusion, many angiogenic factors play a role in diabetic retinopathy. VEGF is, by far, the most well described, being thus antiVEGF agent an exciting therapeutic strategy. Nevertheless, the complexity of this disorder requires the elucidation of the other molecular mechanisms, in order to search for further therapeutic options.
ANGIOGENESIS AND DIABETIC NEPHROPATHY
The incidence of end-stage kidney disease is significantly increasing in the western world [61] , and this has been attributed to the increasing prevalence of diabetes. Indeed, nephropathy, which is associated with decrease in glomerular filtration rate and increasing creatinine serum levels, emerges 10-15 years after the onset of diabetes [25, 61, 62] . Glomeruli capillaries area is known to increase in STZ diabetic rats when compared to normal age-matched controls [61] , implying a pronounced angiogenic reaction to the diabetic condition. VEGF has long been established as a permeability factor [3, 4, 5, 15, 16] . In kidney, podocytes are able to secrete VEGF, which in turn takes part in the capillary hyperpermeability of macromolecules in glomeruli [62] . VEGF is overexpressed in diabetic kidneys and its role as a neurotrophic and neurogenic agent has recently been reported [63] . Recently, blockade of VEGF signalling pathway resulted in attenuation of diabetic albuminuria [62] . Diabetic animals exhibit increased expression of extracellular matrix components in renal cortex and glumeruli [34] . Another relevant angiogenic markers present in diabetic nephropathy is transforming growth factor (TGF ) and its type II receptor [34, 35] . This factor is further markedly excreted in the urine in diabetic patients [35] . Altogether these studies emphasize the angiogenic enhancement that is characteristic of diabetic patients.
ANGIOGENESIS AND WOUND HEALING
One of the major drawbacks of diabetes is the development of chronic, nonhealing foot ulcerations, which significantly impairs life quality of these patients and results often in lower-limb amputation in the worst cases [64] . Wound healing is a complex process involving a wide variety of cells and growth factors. Normal wound healing requires the involvement of many cell types and cytokines. Platelets that are recruited upon skin injury, together with keratinocytes and inflammatory cells such as macrophages, release several angiogenic factors including PDGF, VEGF, TGF and bFGF [64] [65] [66] . The excessive PDGF produced leads to recruitment of fibroblasts to the injured tissue, which in turn supply new ECM components to the damaged area [66] .
Nevertheless, the interplay between the various stimulating agents present in diabetes, namely oxidative stress, hyperglycemia and related AGE products, inflammation and neuropathy, a long-term complication of diabetic characterized by a progressive loss of nerve fibres, contribute enormously to the impairment of diabetic wound healing [67] . Fibroblasts from diabetic mice release reduced levels of VEGF release when compared to wild type animals [68] . Remarkably, fibroblasts-derived VEGF does not seem to be induced by hypoxia in diabetes [68] . Consequently, reduced levels of VEGF result in impaired recruitment of many cell types to the injured tissue, as well as in decreased (lymph)angiogenesis, and vasculogenesis [69] . The broad effects exerted by VEGF both in vascular, inflammatory and neurogenic processes render this factor a putative therapeutic agent. Preclinical studies in diabetic models using VEGF gene therapy improved blood flow and neurovascular function in diabetic wounds [70] . In agreement, VEGF gene transfer approaches are currently being established in ischemic and neurodegenerative pathological conditions. In summary, PDGF and VEGF seem to play a pivotal role in wound healing. The fact that these two factors are significantly down-regulated in diabetic wounds makes them promising targets for therapeutic purposes.
THERAPEUTIC STRATEGIES TARGETING ANGI-OGENESIS
The development and progression of diabetes is associated with a large number of complications, which comprise glucose intolerance, insulin resistance, visceral obesity, hypertension and dyslipidemia, reaching epidemic proportions nowadays, and, consequently, presenting a large economic impact on healthcare providers. Many attempts have been made regarding the development of therapeutic strategies for DM. These include incretin agonists (e.g. glucagon-like peptide-1 analogues), cannabinoid receptor antagonists and PPAR and insulin agonists [16, 71] . Nonetheless, the complex etiopathogenesis of this condition that gathers together genetic factors and life-style features makes this disease a major public health problem. Recent advances on the vascular biology pathways complying diabetes provides clues for the development of new pharmacological molecules. The strong implication of VEGF in vasculoproliferative diabetic retinopathy led to the intravitreal use of antiVEGF agents in the management of these patients. Accordingly, three VEGF antagonist pharmacological agents: pegaptanib (Macugen), ranibizumab (lucentis) and bevacizumab (avastin) are currently available for DR treatment [72] . The first two are actually approved for age-related macular degeneration by the Food and Drug Administration (FDA), and clinical trials are ongoing for their clinical use in other ocular vasculoproliferative disorders including DR (see paper on diabetic retinopathy in this issue). Yet, the coexistence of aberrant vascularization (occuring in retinopathy and nephropathy) together with angiogenesis impairment (such as in peripheral vascular disease and diabeticassociated vascular disease), provides angiogenic systemic therapy a dangerous option for diabetes. Accordingly, although inhibition of VEGF could be very useful in controling diabetic retinopathy, it might trigger undesired sideeffects including impaired wound healing, abrogation of collateral vessel growth, hypertension and proteinuria, which are prevalent features of diabetic patients. Therefore, a careful evaluation of the molecular vascular events and their association with other diabetic processes (e.g. chronic oxidative stress, inflammation, etc) must be accomplished before addressing these pathways towards treatment.
Wound healing is a major complication of diabetes with extensive morbidity rates where angiogenesis is effectively impaired. Vascularization in wound healing can be promoted by several interventions. These include therapeutic agents involving growth factors, bioactive matrices, mechanical systems, tissue engineering biomaterials and hyperbaric oxygen therapy (HBO) [16, 73] . HBO for instances is already in use in the clinic, and stimulates wound healing by promoting growth factor synthesis at the wound bed, and by mobilizing EPCs [74, 75] . HBO improves microvascular perfusion, probably by stimulating NO synthesis through the hyperbaric oxygen enhancement. In addition, it also helps reducing tissue edema and improves leukocyte oxygendependent phagocytic capacity. HBO is indicated in hypoxic ulcers in diabetic patients that do not present contraindications such as retinopathy, emphysema or cancer.
Due to their health promoting properties, dietary-derived polyphenols attain to the various pathophysiological conditions associated with diabetes [76, 77] . In fact, increasing epidemiological and experimental evidence indicates that these compounds are major candidates for treatment or prevention of diabetes and many other human disorders that combine oxidative stress, chronic inflammation and imbalanced vascular patterns. Besides, these compounds attract a lot of attention due to their low cost, easy availability and low toxic effects. Despite a huge number of studies are in progress, several unsolved questions must be taken into account before these molecules can be recommended as preventive or therapeutic agents, namely, their bioavailability, dose, specificity, feasibility, distribution, degradation and elimination from our body.
An increasing interest has been lately raised on the use of nicotine as an angiogenic promoter [66, 78] . Nicotine is considered as a potential therapeutic agent in neurodegenerative disease or ulcerative colitis [79, 80] . Nicotine binds to N-nACh receptors. In the endothelium, this natural alkaloid binds 7 N-nACh receptor, inducing cell proliferation and migration, two crucial steps of the angiogenic process. Although diabetic patients who smoke experience impaired wound healing processes and accelerate atherosclerosis and the development of several types of cancer, the topic use of nicotine (transdermal patches) in skin wounds seems to be advantageous in certain conditions [66, 78] . Again, dosing and time course studies are mandatory before nicotine synthetic analogs can be used in the clinic.
In conclusion, vascular complications are key players in diabetes. However, many questions still remain regarding the use of angiogenesis as a therapeutic approach. Translation and clinical research are critical in the near future to elucidate the inherent molecular mechanisms that hold the angiogenic paradox, and to predict which patients could benefit from each therapeutic approach.
